Objectives: Previous research has found that relative to their peers with normal hearing (NH), children with cochlear implants (CIs) produce the sibilant fricatives /s/ and /ʃ/ less accurately and with less subphonemic acoustic contrast. The present study sought to further investigate these differences across groups in two ways. First, subphonemic acoustic properties were investigated in terms of dynamic acoustic features that indexed more than just the contrast between /s/ and /ʃ/. Second, the authors investigated whether such differences in subphonemic acoustic contrast between sibilant fricatives affected the intelligibility of sibilant-initial single word productions by children with CIs and their peers with NH.
INTRODUCTION
Since cochlear implants (CIs) were approved for use in children nearly 30 years ago, the speech and language outcomes for prelingually deaf children have improved dramatically. In virtually every aspect of speech and language, prelingually deaf children who receive a CI perform better than children with similar levels of hearing loss who use a hearing aid (Osberger et al. 1993; Spencer et al. 1998 Spencer et al. , 1999 Tomblin et al. 1999; Geers et al. 2003) . Despite this marked improvement in speech and language outcomes, children with CIs often continue to perform at a lower level than their peers with normal hearing (NH) on a number of speech and language measures, including vocabulary size, speech perception and production, and phonological awareness James et al. 2005; Connor et al. 2006; Nittrouer et al. 2012) .
This article focuses on the speech production skills of children with CIs and those with NH, which are important for several reasons. First, school-age children need to be able to communicate effectively to their caregivers, teachers, and peers, and even small deficits in the intelligibility of a child's speech in quiet will be compounded in a noisy setting, such as a classroom. Second, speech production ability has been linked to phonological awareness (Bird et al. 1995) , which is a strong predictor of literacy outcomes in children with NH (e.g., Lonigan et al. 2000; Melby-Lervåg et al. 2012 ) and in children with hearing loss (Cupples et al. 2014; Webb & Lederberg 2014) .
Children with CIs produce speech sounds, especially consonants, less accurately than their peers with NH. Connor et al. (2006) assessed consonant production accuracy with two standardized articulation tests, the Arizona Articulation Proficiency Scale (Fuddle 1974 ) and the Goldman-Fristoe Test of Articulation (Goldman & Fristoe 2000) . They found that children with CIs who were implanted between age 1 and 2.5 years were less accurate than their NH peers at age 7. Similar findings have been observed in other studies with smaller sample sizes (e.g., Warner-Czyz & Davis 2008; Ertmer & Goffman 2011) .
The degraded nature of the CI signal is an important factor leading to poorer speech production skills in children with CIs. First, compared to the frequency tuning of a healthy auditory system, the frequency tuning of electrically stimulated nerve cells is much broader (Raggio & Schreiner 2003; Middlebrooks et al. 2005) ; hence, frequency resolution is poorer with electrical hearing than with acoustic hearing. Spectral contrasts, such as place of articulation (e.g., /s/ vs. /ʃ/), relative to voicing (e.g., /t/ vs. /d/) and manner contrasts (e.g., /t/ vs. /s/) are particularly impacted by this poor frequency resolution (Friesen et al. 2001; Iverson 2003; Munson et al. 2003) . Another deficit of the CI signal is that the range of audible frequencies is generally more restricted for CI users because the processor of commercially available CIs extends up to only 8 kHz (Loizou 2006) . This cutoff frequency may complicate CI users' perception of anterior consonants, such as the sibilant fricative /s/, which typically have energy concentrated in the 5-10 kHz range.
This article focuses on one particular spectrally cued consonant contrast between the voiceless sibilant fricatives in English: /s/ and /ʃ/. Based on the poorer frequency resolution and reduced frequency bandwidth of the CI signal alone, this should be a challenging contrast for children with CIs to acquire. The objective of the present study was to compare the /s/ versus /ʃ/ contrast in children with CIs to a group of age-matched controls with NH. This comparison was made at two levels: first, in terms of the subphonemic acoustic properties of the children's productions of the fricatives, and second, in terms of the intelligibility of the children's productions of sibilant-initial words, when these words were presented in background noise to naïve adult listeners.
EXPERIMENT 1 Motivation
The sibilants /s/ and /ʃ/ are acquired over an extended period of time in children with NH (Nittrouer et al. 1989; Nittrouer 1995) . In a large-scale cross-sectional study of children with NH, Smit et al. (1990) found that phonetically trained clinicians judged as accurate 70% of target /s/ and 77% of target /ʃ/ tokens produced by 4-year-old children. For the productions by 7-yearold children, 86% of target /s/ and 94% of target /ʃ/ tokens were judged accurate. Complete mastery of these consonants may, thus, not occur until preadolescence for some speakers. Furthermore, during acquisition, covert contrast (a systematically produced subphonemic contrast that is not reliably perceived by a trained phonetician) is observed in the [s] and [ʃ] substitution patterns for at least some children with NH between the ages of 2 and 5 years (Li et al. 2009 ), indicating that subphonemic acoustic contrast varies across young children in gradient ways that may not be detected by narrow transcription. Finally, deficits in a child's perception of /s/ and /ʃ/ have been linked to delays in the accurate production of these consonants (Rvachew & Jamieson 1989; Rvachew et al. 2004 ). The extended period of refinement, the existence of covert contrast, and the perception-production link suggest the need for auditory feedback and self-monitoring to acquire these fricatives. A reliance on the auditory-verbal feedback loop frames /s/ and /ʃ/ as interesting objects of investigation in children with CIs because this population has delayed access to auditory input and a degraded and band-limited auditory signal. Acquisition of /s/ and /ʃ/ is more protracted in children with CIs, relative to children with NH. In a longitudinal study that tracked phonological development in children with CIs from 6 months preimplant to 6 years postimplant, Serry and Blamey (1999) found that /ʃ/ was produced accurately at least 50% of the time by 48 months post implant. However, /s/ was not produced with comparable accuracy even after 72 months of implant use (Blamey et al. 2001) . Chin (2003) found, in a cohort of children who had at least 5 years of implant experience, that /ʃ/ was produced accurately at least 75% of the time, but /s/ was not. Thus, when comparing the duration of the CI users' experience to the age of the children with NH (cf. Smit et al. 1990 ), the acquisition of /ʃ/ by the CI users appears to lag that by NH children by approximately 1 year, but /s/ is even more delayed.
Acoustic analyses have indicated that, relative to their NH peers, children with CIs produce /s/ and /ʃ/ with atypical acoustic properties and with diminished acoustic contrast. Uchanski and Geers (2003) recorded productions of word-initial target /s/ and /ʃ/ from 8-and 9-year-old children with CIs with at least 4 years of experience with their device and from a cohort of NH controls of the same age. One hundred percent of the NH children produced all target /s/ and /ʃ/ tokens as fricatives, but only 49% of the children with CIs did so. When aggregated across children with CIs, 82% of target /s/ and /ʃ/ tokens were produced as fricatives; hence, while individual talkers with CIs produced manner errors that were atypical relative to their NH peers, as a group, children with CIs exhibited high accuracy in manner of articulation. Centroid frequency was estimated from each target production whose manner of articulation was a fricative. From each NH child's productions, the mean centroid was computed separately for /s/ and /ʃ/, as was the difference between these two means as an acoustic measure of the /s/ versus /ʃ/ contrast. These values were used to demarcate the normal limits of the spectral properties of the sibilant categories and the sibilant contrast. Of the children with CIs, 63% produced /s/ within normal limits, 86% produced /ʃ/ within normal limits, and 71% produced the /s/ versus /ʃ/ contrast within normal limits.
One limitation of Uchanski and Geers's (2003) analysis was that to be included in their acoustic analysis, a production needed only to have a fricative manner of articulation; hence, place errors, such as an [s] for target /ʃ/ substitution, would have been included. Since the children with CIs were less accurate than their NH peers at producing the target sibilants, it is possible that the reduced acoustic contrast was because of more productions with place errors being included for the children with CIs. To control for this potential confound, Todd et al. (2011) recorded productions of target /s/ and /ʃ/ in word-initial position from children with bilateral CIs between the ages of 4 and 7 years, who had at least 2.5 years of experience with their first device, and from their chronological age-matched peers. Productions of /s/ and /ʃ/ were included in the acoustic analysis only if they were judged by a trained phonetician to be phonemically accurate productions of the target sound. Peak frequency was computed from the middle 40 ms of each production, and a linear mixed-effects model revealed a significant interaction between group and consonant: the acoustic contrast between /s/ and /ʃ/ was smaller in the productions by the children with CIs, even when only correct productions were analyzed.
One limitation of Uchanski and Geers (2003) and Todd et al. (2011) is that both studies investigated the acoustics of /s/ and /ʃ/ in terms of a single acoustic feature that indexed the difference in place of articulation. Because /s/ is produced with a more anterior place of articulation than /ʃ/, the front cavity is smaller and has higher resonant frequencies; therefore, energy is concentrated at higher frequencies in the spectrum (Hughes & Halle 1956; Forrest et al. 1988 ). The frequency location of this energy concentration may be reliably indexed with either centroid frequency (e.g., Uchanski & Geers 2003) or peak frequency (e.g., Todd et al. 2011 )-two measures that may be thought of, respectively, as the mean or mode frequency at which energy is concentrated. When /s/ and /ʃ/ are the only fricatives analyzed, the contrast between them can be captured with a single acoustic measure of energy concentration, such as centroid or peak frequency (Jongman et al. 2000) ; however, these measures fail to capture other aspects of /s/ and /ʃ/, such as their degree of sibilance. Sibilant frication is generated when the flow of air collides with a downstream obstacle, such as the incisors, producing noise whose spectrum is characterized by a high-frequency peak (Narayanan & Alwan 2000) . By contrast, nonsibilant frication (e.g., /f, θ/) is generated without such an obstacle noise source, and the resulting spectrum is more diffuse in shape, often lacking a prominent high-frequency peak (Shadle 1985 (Shadle , 1990 . Two measures have been reported as indices of degree of sibilance. The first is the variance of the spectrum, which is computed by normalizing its amplitude values, so that they sum to one, and then computing the variance of this normalized spectrum as if it were a discrete probability mass function (Forrest et al. 1988; Jongman et al. 2000) . The second measure is the difference in decibels between the higherfrequency maximum amplitude and lower-frequency minimum amplitude (Koenig et al. 2013) .
A second limitation of the methods in Uchanski and Geers (2003) and Todd et al. (2011) is that centroid and peak frequency were measured at only one point in the fricative; however, the spectral properties of /s/ and /ʃ/ are known to vary temporally in both adults' and children's productions (Soli 1981; Munson 2004; Iskarous et al. 2011; Koenig et al. 2013) . Furthermore, /s/ and /ʃ/ contrast in terms of how peak frequency varies temporally during the fricative. Reidy (2015) analyzed peak frequency trajectories from adults' and children's productions of /s/ and /ʃ/. In adults, /s/ and /ʃ/ differed in terms of trajectory level and shape-that is, in terms of both static (level) and dynamic (shape) aspects of peak frequency. The children developed toward this adult-like contrast. The youngest children differentiated /s/ and /ʃ/ only in terms of trajectory level; older children differentiated the sibilants in both level and shape, but to a lesser extent than the adults. While there is no published work, to our knowledge, on the spectral dynamics of productions of target sibilants by children with CIs, it has been observed that children with CIs speak more slowly than their NH age peers (Burkholder & Pisoni 2003) , which suggests that there may be differences in spectral dynamics across the two groups.
Experiment 1 investigates the acoustics of phonemically correct productions of /s/ and /ʃ/ by children with CIs and children with NH, who were aged between 4 and 7 years. Children within this age group were targeted because according to the normative data from Smit et al. (1990) , they would be expected to produce a majority (at least 75%) of the target sibilant tokens accurately. At the same time, because the children are still developing toward adult-like proficiency, it is likely that acoustic analysis will reveal greater detail of these children's incipient contrastive categories. In particular, experiment 1 extends previous work on the acoustics of productions of /s/ and /ʃ/ by children with CIs and children with NH in three respects. First, in addition to computing peak frequency to index the contrast between /s/ and /ʃ/, we also computed spectral variance and amplitude drop to index the degree of sibilance of the children's productions.
Second, these three acoustic measures were computed from psychoacoustic spectra, which were computed by applying a filter bank model of the auditory system to the Hertz spectrum. Third, we examined the dynamics of the three measures over the duration of the fricative noise instead of focusing on a static single-point representation of them. The subphonemic psychoacoustic properties were measured from phonemically correct productions of /s/ and /ʃ/ by children with CIs and children with NH, and the temporal variation in these properties across the fricatives was analyzed with polynomial growth curve models. The experiment was conducted with approval from the Institutional Review Board at the University of Wisconsin-Madison.
MATERIALS AND METHODS

Participants
Twenty-two congenitally deaf children with bilateral CIs participated in Experiment 1. All children were between the ages of 4;1 and 7;8 (years; months). These participants were recruited throughout the United States and tested at the University of Wisconsin-Madison. The speech and language skills of some of these children have been previously reported in Hess et al. (2014) and Todd et al. (2011) , and the speech perception skills of some of these children have been reported in Litovsky (2012, 2015) . Before testing, parents were asked about their child's speech, language, and developmental history. Children with CIs were not included in the study if they had any developmental problems other than hearing loss. All children had received their first CI by 30 months and had at least 2 years of experience with at least one implant, but otherwise exhibited varying amounts of hearing experience: age at implantation ranged from 10 to 28 months (M = 15.95, SD = 4.79); duration of unilateral hearing experience ranged from 0 to 51 months (M = 23.28, SD = 16.07); duration of bilateral hearing experience ranged from 5 to 39 months (M = 23.49, SD = 11.18); and hearing age (time with at least one device) ranged from 24 to 77 months (M = 46.77, SD = 12.14). Device manufacturer was not controlled across the children with CIs.
Twenty-two children with NH also participated in the study. They were matched to the participants with CIs by age and sex. The children with NH were recruited from schools and day care centers in Columbus, Ohio. All children with NH were typically developing native English speakers based on parent report and passed a hearing screening which consisted of either otoacoustic emissions within normal range at 2000, 3000, 4000, and 5000 Hz or pure-tone audiometry thresholds within normal limits at 500, 1000, 2000, and 4000 Hz. Table 1 provides demographic information for both groups of participants. A Wilcoxon signed-rank test revealed no significant difference (T = 163, p = 0.25) between the mean ages of the two groups (CI: M = 62.72, SD = 11.31 months; NH: M = 61.89, SD = 10.22 months). Furthermore, a Kolmogorov-Smirnov test revealed no significant difference in the age distribution of the two groups (D 22 = 0.27, p = 0.39). To assess their receptive vocabulary skills, the children with CIs were administered the Peabody Picture Vocabulary Test-Fourth Edition (Dunn & Dunn 2007 ) and the children with NH were administered the Receptive One Word Picture Vocabulary Test-Second Edition (Brownell 2000) . The two groups of children were administered different instruments because they were tested at different sites. The groups' age-standardized receptive vocabulary scores are reported in Table 1 . All children scored no less than two standard deviations below the normative mean standard score (M = 100, SD = 15 for both instruments). Because different instruments were administered, the standard scores were not compared across the two groups.
Stimuli
The stimuli were monosyllabic and bisyllabic words that could be represented by pictures. There were 15 /s/-initial words and 15 /ʃ/-initial words. The children with NH were participating in a larger study on the acquisition of consonants, and the word list for these children included 78 other words that began with other lingual obstruents (/t/, /k/, /d/, /g/, /tʃ/, or /θ/). The word list for the children with CIs was a subset of the words presented to the children with NH. There were 9 words for each fricative-those words in a high front, low central, or high back vowel context, as listed in Table 2 -and 45 other words that began with /t/, /k/, /d/, or /g/.
A young adult female speaker of Mainstream American English produced multiple repetitions of each word in a childdirected register. These productions were recorded digitally at 22.5 kHz. Three repetitions of each word were chosen to combine with other words to create six lists of auditory stimuli (i.e., two ordered lists for each of the three sets of audio recordings of the words). The order within each list was pseudorandomized, so that the words for each target sibilant-vowel pair were distributed evenly across the list. The words were normalized for amplitude within each list. Each word was paired with a color digital image that depicted its referent, and these audiovisual pairs were used as stimuli in the repetition task.
Procedure
The children completed a picture-prompted auditory word repetition task in a quiet room. A prompted repetition task was chosen, as opposed to an unprompted naming task, because in the larger cross-sectional study of children with NH, the same task was used to elicit productions from very young children (2 and 3 years old) and because we wanted to minimize task demands as much as possible. Children completed the task seated at a table in front of a computer screen, loudspeakers (such as Audix PH5-VS), and an AKG C59000M microphone (cardioid response). Before beginning the task, the children were instructed that they would see pictures on the computer screen and would hear words through the loudspeakers and that it was their job to repeat those words into the microphone. The task was implemented with a custom program, written in the Tcl/Tk programming language (www.tcl.tk), that presented the digital images on the computer screen and, after a 300 ms delay, played the audio recordings of the words through the loudspeakers. The children completed the task in the presence of an adult experimenter who controlled the computer program, which allowed the experimenter to replay the audio prompt if the first presentation did not elicit a clear repetition of the target word (e.g., if the child did not respond at all, produced a word other than the target, or talked over the audio prompt). The entire session of the repetition task was digitally recorded at a 44.1 kHz sampling rate onto a Marantz PMD660 flash card recorder for subsequent transcription and acoustic analysis.
Analysis
A group of trained phoneticians, who had no prior exposure to the speech of children with CIs, phonemically transcribed the initial consonants of the productions of the target words using a custom Praat script (Boersma & Weenink 2015) , which allowed the user to listen to the auditory signal of each produced word and to visualize its waveform and spectrogram before transcribing its initial consonant. Only phonemically correct productions of the 9 /s/-initial words and the 9 /ʃ/-initial words that were elicited from both groups were included in the acoustic analysis. Further, for each child, at most one production of each target word was analyzed. Of the 396 target sibilant productions elicited from each group of children (22 × 18 = 396), the children with CIs produced 273 phonemically correct tokens (127 /s/ and 146 /ʃ/), and the children with NH produced 324 phonemically correct tokens (146 /s/ and 178 /ʃ/). The onset of frication and the fricative-vowel boundary were marked after visually inspecting the waveform and spectrogram simultaneously in a Praat editor window. Frication onset was marked at the earliest point where high-frequency energy (>2.5 kHz) became visible in the spectrogram. The fricativevowel boundary was marked at the waveform's zero-crossing nearest to the onset of a visible voicing bar in the spectrogram.
The times marked for frication onset and fricative-vowel boundary were used to define a sequence of seventeen 20-ms analysis windows, spaced evenly across the fricative, from which the psychoacoustic properties of the fricative productions were measured. This number of analysis windows was chosen in order to maintain consistency with previous work on the spectral and articulatory dynamics of sibilant fricatives. Both Iskarous et al. (2011) and Zharkova et al. (2014) used 9 windows; the current method generalizes this by adding a window between every sampling point used by prior studies. The waveform within each window was pre-emphasized (a = 0.95), and then the spectrum of the preprocessed waveform was estimated with an eighth-order multitaper spectrum (Thomson 1982 ).
Each spectral estimate was then passed through a filter bank that modeled the frequency selectivity of the auditory periphery. This filter bank comprised 361 fourth-order gammatone filters, whose center frequencies were spaced evenly from 3 to 39 (i.e., 0.1 spacing between adjacent channels) on the ERB number scale (ERB number = 21.4 × log10(1 + 0.00437f), with f in Hertz), a psychoacoustic frequency scale that models how the Hertz scale is compressed logarithmically and represented tonotopically on the basilar membrane (Moore & Glasberg 1983; Greenwood 1990 ). The bandwidth bw of each channel was proportional to its center frequency f in Hertz (bw = 1.019 × ERB(f), where ERB(f) = 24.7 × (0.00437 × f + 1)). Hence, the gammatone filters in the filter bank were wider at higher frequencies than at lower frequencies, consistent with the frequency tuning of the auditory periphery. Once an input sound is passed through the gammatone filter bank, the output of each channel is summed to derive the total energy (or "excitation") within the channel in response to the input spectrum. Plotting the output excitations of the channels as a function of their center frequencies yields a psychoacoustic spectrum.
Three features were computed from each psychoacoustic spectrum to index sibilant contrast and degree of sibilance. First, the peak frequency of the psychoacoustic spectrum was computed by finding the ERB number of the filter channel with the maximum excitation level. Second, the variance of the psychoacoustic spectrum was computed by normalizing its excitation levels so that they summed to one and then treating this normalized psychoacoustic spectrum as a discrete probability mass function over ERB numbers and computing variance in the traditional way. Third, the difference in decibels between the maximum high-frequency (24.5-39 ERB numbers; 3-15 kHz) excitation level and the minimum low-frequency (3-24.5 ERB numbers; 0.85-3 kHz) excitation level was calculated. These three measures were computed from 17 psychoacoustic spectra estimated across the duration of each production; thus, each production was represented by three 17-point trajectories of psychoacoustic features.
The shapes of these trajectories were fitted with orthogonal polynomial growth-curve models (one model for each feature) to analyze temporal variation in these features. The growth-curve models included fixed effects of intercept, linear, quadratic, and cubic powers of time. These fixed effects denote, respectively, the level, slope, concavity, and jerk (or asymmetry across tails) of the trajectories. Additionally, fixed effects of consonant (/s/ or /ʃ/) and group (NH or CI), as well as binary and ternary interactions between them and any one of the temporal terms, were included to test differences in trajectory level or shape across consonants or groups. Finally, the growth-curve models included uncorrelated random effects of each temporal term by participants and by consonant-within-participants (to account for the repeated measures design of the repetition task). The significance of the fitted coefficients was assessed by bootstrapping 95% confidence intervals with 1000 replicates; a coefficient was considered significant if its confidence interval did not include 0, and in general, only significant effects are discussed below due to space limitations. Prediction intervals for each model were also bootstrapped with 1000 replicates, each time re-estimating the random effects of the model. Figure 1 plots the mean duration of each target fricative separated by participant group. Productions of target /s/ by children with CIs (M = 231.72 ms, SD = 61.52 ms) were on average longer than those by children with NH (M = 203.99 ms, SD = 52.82 ms). Likewise, productions of target /ʃ/ by children with CIs (M = 256.15 ms, SD = 70.49 ms) were on average longer than those by children with NH (M = 211.32 ms, SD = 47.63 ms). The durations of the productions were modeled by a linear mixed-effects model with fixed effects of consonant (/s/ vs. /ʃ/), group (CI vs. NH), and a consonantby-group interaction and with random effects of intercept by participant. The levels of the consonant and group effects were mapped to indicator variables in two different ways to explore all binary contrasts. Confidence intervals for the fitted models' coefficients were bootstrapped with an adjusted alpha level of 0.025 to account for multiple models. The first model, with Table 3 summarizes the accuracy of participants within each group on each target consonant. The accuracy judgments were modeled with logistic mixed-effects regression to test the significance of these differences between groups or target consonants and to test the additional effect of age on phonemic accuracy. The model included simple fixed effects of group, consonant, and age; random effects of intercept by participant were included as well. As with the durational analysis above, the levels of the consonant and group effects were mapped to indicator variables in two different ways to explore all binary contrasts. An adjusted alpha level of 0.025 was used to account for multiple models. The first model, with CI = 1 and /ʃ/ = 1, indicated that on productions of target /s/, the children with CIs were significantly less accurate than the children with NH (β = −0.61, SE = 0.22, p < 0.01) and that the children with NH were significantly more accurate on target /ʃ/ than on target /s/ (β = 0.81, SE = 0.18, p < 0.001). The second model, with NH = 1 and /s/ = 1, indicated that on productions of target /s/, the children with NH were significantly more accurate than the children with CIs (β = 0.61, SE = 0.22, p < 0.01) and that the children with CIs were significantly less accurate on target /s/ than on target /ʃ/ (β = −0.81, SE = 0.18, p < 0.001). Both models indicated that accuracy increased with age, but that this effect was not significant relative to the adjusted alpha level (β = 0.02, SE = 0.01, p > 0.03). Figure 2 shows the peak ERB trajectories for word-initial /s/ and /ʃ/ productions for both the children with CIs (right panel) and their NH peers (left panel). These trajectories indicate that in the /s/ and /ʃ/ productions by both groups of children, peak ERB number rose across the first half of the fricative and fell across the second. In the fitted model, these temporal trends were indicated by a positive simple effect of linear time . These effects involving consonant and group indicated that in the productions by the children with NH, the peak frequency trajectory of /ʃ/ was approximately 3.79 ERB numbers lower than that for /s/. Contrastingly, in the productions by the children with CIs, the peak frequency trajectories of /s/ and /ʃ/ were separated only by approximately 1.51 ERB numbers. To further explore this interaction between consonant and group, post hoc models were built within each consonant. In the model fitted to just the productions of /s/, the simple effect of group was significant and negative (β = −1.87, SE = 0.45), whereas in the /ʃ/ model, the simple effect of group was positive but not significant (β = 0.41, SE = 0.47). These post hoc models thus suggest that the diminished psychoacoustic contrast in the productions by children with CIs was due primarily to their /s/ productions having a relatively lower peak frequency. Finally, a small negative interaction between linear time and group (β = −1.43, SE = 0.70, CI = [−2.74, −0.02]) indicated that in the productions by children with CIs, the overall linear trend of the peak ERB number trajectories was closer to zero. Hence, peak frequency followed a more symmetric risingthen-falling trajectory in these children's productions than in those by the children with NH. All other effects in the model were very small in magnitude (|β| < 0.68), and their confidence intervals all contained 0. Figure 3 shows the variance trajectories for the same productions for both groups of children. The shapes of these trajectories differed more across groups than across consonants. For the children with NH, the variance trajectories of both /s/ and /ʃ/ followed convex curves that were, for the most part, symmetric about the temporal midpoint of the fricative. .76]) indicated that within each group, the /s/ and /ʃ/ trajectories were similar in shape, but that the psychoacoustic spectrum of /ʃ/ exhibited greater variance than that of /s/.
RESULTS
The excitation drop trajectories for the word-initial /s/ and /ʃ/ productions for both groups of children are shown in Figure 4 . In the productions by children with NH, the excitation drop trajectories for both /s/ and /ʃ/ generally followed a risingthen-falling trajectory, with a relatively steeper rise across the first half and a relatively shallower fall across the second. This 
DISCUSSION
Experiment 1 revealed that the subphonemic properties of correct productions of /s/ and /ʃ/ by children with CIs differed from those of their NH peers along multiple psychoacoustic dimensions. Foremost among these differences was a reduction of contrast in terms of peak frequency. This finding has previously been reported by Todd et al. (2011) , who computed peak frequency from spectra estimated at fricative midpoint only. The current analyses, thus, replicated their finding with a psychoacoustic measure of peak frequency and extended it to a dynamic representation of fricative peak frequency. Post hoc analyses revealed that the productions of /s/ by children with CIs were lower in peak frequency than the productions by children with NH, which is plausibly explained on perceptual grounds because the spectrum of /s/ has energy concentrated at high frequencies, which are not encoded by the CI speech processor. That is, across the middle half of productions of /s/ by children with NH, mean peak frequency was 34.91 ERB numbers, or approximately 9.68 kHz; the upper limit of CI frequency analysis is roughly 8 kHz. Conversely, the post hoc analysis of the peak frequency trajectory of /ʃ/ found no significant difference between the two groups, but the children with CIs showed a tendency to produce /ʃ/ with slightly higher peak frequency than their NH peers.
Additional group differences were revealed in terms of the dynamic aspects of the two measures that were included to index the degree of sibilance of the production. The variance trajectories exhibited the greatest qualitative difference in shape across the two groups toward the end of the fricative, where the productions by children with CIs became much more spectrally diffuse (i.e., less sibilant-like). This greater spectral variance in the second half of the productions by children with CIs suggests possible different coarticulatory strategies between the two groups; the children with CIs may have released the linguapalatal constriction earlier in the consonant production, thus, coupling the back cavity resonances and increasing the spectral variance of the turbulent noise. For the excitation drop trajectories, dissimilarities between the two groups' productions were found at both the beginning and the end of the frication. Across the middle half of both /s/ and /ʃ/, the variance and excitation drop trajectories appeared comparable between the two groups of children. Taken together, these differences suggest that the productions by the two groups of children were comparably sibilant across the middle half of frication, but that the groups differed in the gestures used to form and then release the articulatory posture that is responsible for generating strong sibilant noise across the middle half of the fricative. These observations highlight the added value of dynamic measurements of fricative spectra above the more conventional midpoint analysis.
Previous analyses of the spectral dynamics of sibilant fricatives have focused exclusively on peak frequency trajectories (e.g., Iskarous et al. 2011; Reidy 2015) . In Reidy's (2015) analysis of the peak frequency trajectories of /s/ and /ʃ/, 4-and 5-year-old children differentiated these two consonants in terms of both the level and shape of the trajectory. However, in the present analysis, none of the interactions involving consonant and higher powers of time were significant, suggesting that neither the children with CIs nor the children with NH differentiated these sibilants in terms of trajectory shape, despite these children being the same age or older as the children reported by Reidy (2015) . It is possible that this discrepancy is simply due to the smaller sample size of the present study. Reidy (2015) included 15 productions of each target consonant from 20 children from each age group. Previous analyses of the peak frequency dynamics in adults' productions of /s/ and /ʃ/ have found their trajectory shape to be asymmetric, with the rise in peak frequency exhibiting a greater extent than its fall; hence, the peak ERB trajectories for the children with NH (Fig. 2 , left panel) seem to be more adult-like in shape than those for the children with CIs (right panel).
While Experiment 1 revealed a number of group differences in the subphonemic psychoacoustic properties of children's sibilant fricative productions, it is unclear whether they should be of concern to clinicians; however, this would be the case if such subphonemic differences also coincided with differences in intelligibility between the two groups. This question was the focus of Experiment 2.
EXPERIMENT 2 Motivation
A number of studies have found that the speech of children with CIs is less intelligible than that of their chronological age peers with NH. This relationship is consistent across studies that used different methods to estimate intelligibility (e.g., Chin et al. 2003; Peng et al. 2004; Chin et al. 2012; Chuang et al. 2012) . Chin et al. (2003) evaluated speech intelligibility in English-speaking children using the Beginners' Intelligibility Test (Osberger et al. 1994) . Children with CIs were judged to be 35% correct on average at the level of connected speech compared to children with NH who were judged to be 87% correct on average. In more recent work, Chin et al. (2012) also found intelligibility scores to be higher for children with NH compared to children with CIs at the level of connected speech as measured by the Beginners' Intelligibility Test (i.e., listeners judging samples from children with NH were near ceiling and were about 80% correct for samples from children with CIs). Some studies, such as that by Baudonck et al. (2011) , found that the lower intelligibility for children with CIs compared to children with NH did not reach significance. Overall, decreased speech intelligibility can affect the ability of children with CIs to communicate and socialize, especially in the classroom where learning needs must be communicated to teachers with little exposure to children with hearing loss. Listening environments that often contain multiple speakers further compound this decreased speech intelligibility. Furthermore, there appears to be a limited time window during which children with CIs refine their speech production skills. Tomblin et al. (2008) found that the development of speech sound production in prelingually deaf children stabilizes after 6 years of CI experience and, on average, approaches a plateau by 8 years of device use. Further understanding of the factors that account for the variability in speech intelligibility in children with CIs will allow clinicians and caregivers to maximize the impact of therapy during these time windows.
There are many factors that might lead to decreased speech intelligibility for children with CIs relative to their NH peers, including both segmental and suprasegmental differences in speech sound production between the two groups of children. The question in experiment 2 was whether subphonemic acoustic differences, such as a less robust acoustic contrast between /s/ and /ʃ/, could lead to reduced speech intelligibility at the word level. There is some evidence of a relation between a less distinct acoustic contrast between /s/ and /ʃ/ and poorer speech intelligibility in research on adults with NH. For example, Newman et al. (2001) observed longer reaction times for participants identifying /s/ versus /ʃ/ in quiet from talkers with more between-category overlap. Hazan and Baker (2011) represented adult talkers' productions of /s/ and /ʃ/ as samples of centroid frequency values and measured the distance between the mean of each sample (cross-category distance) and the mean standard deviation of the two samples (category dispersion) for each speaker. When these productions were then used as stimuli in a perception experiment, listeners were slowest to respond to productions from talkers with low cross-category distance and low-category dispersion.
There is a paucity of work on the relationship between subphonemic acoustic differences such as those observed in experiment 1 and speech intelligibility ratings in children with CIs relative to their NH peers. However, a relation between subphonemic acoustic measures and perceptual goodness ratings has been found across these two groups of children by Bernstein et al. (2013) , who asked adults to rate the productions of /s/-and /ʃ/-initial consonant-vowel syllables from Todd et al. (2011) . When adult listeners rated these syllables, the productions by children with CIs were rated as less good exemplars of the target sounds, relative to the productions by an age-matched group of children with NH. Furthermore, Bernstein et al. (2013) found that listeners responded more slowly to /s/ productions with lower spectral peaks, regardless of whether the syllables were produced by children with CIs or children with NH.
The purpose of experiment 2 was to determine whether the reduced acoustic contrast between productions of /s/ and /ʃ/ for children with CIs relative to children with NH resulted in decreased intelligibility of words containing these sounds in initial position. As in experiment 1, only productions that were judged to be phonemically correct in quiet were included. This decision was made because, as reported earlier, the phonemic accuracy of both target consonants was lower for the children with CIs than for their NH peers. Hence, we did not want any potential group differences in intelligibility to be confounded by their differences in phonemic accuracy. To prevent ceiling effects due to only accurate productions being included, a challenging listening environment was created by embedding these words within multi-talker babble. Adult listeners' accuracy in repeating the embedded words was measured. There were two main hypotheses. First, given that productions by children with CIs exhibited reduced acoustic contrast due to /s/ productions having lower peak frequency relative to their NH peers, we predicted that /s/-initial, but not /ʃ/-initial, words produced by children with CIs would be less intelligible than those produced by their NH peers. Second, we predicted that there would be a relationship between the psychoacoustic measures derived in experiment 1 and word-level intelligibility. The experiment was conducted with approval from the Institutional Review Board at the University of Wisconsin-Madison.
MATERIALS AND METHODS
Participants
Speakers • The stimuli came from a subset of children from experiment 1. All children included as speakers in experiment 2 produced at least 8 of the stimulus words from experiment 1 correctly. Supplemental Appendix A (http://links.lww.com/ EANDH/A296) provides information on the number of /s/-initial, /ʃ/-initial, and filler words for each child; Table 4 provides descriptive information for the two groups of children. Listeners • Eighty adults (40 males and 40 females) with an average age of 21 years (SD = 3.68 years, range = 18-35 years) participated. The participants were self-reported native English speakers with NH, no diagnoses or history of articulation disorders, and no training in phonetic transcription and no significant experience listening to the speech of children with CIs (as evidenced by a short questionnaire before participation). Listeners were recruited from Madison, Wisconsin, via posting on a student job site and class announcements. To avoid familiarity effects due to word repetition, we used a between-subjects design so that each listener was randomly assigned to a single speaker. Therefore, each listener only heard a single production of each target word. The productions from each speaker were presented to 4 different listeners (20 Speakers × 4 listeners/ speaker = 80 listeners).
Materials
Speech Stimuli • The speech stimuli were a subset of children's productions of the sibilant-initial target and stop-initial filler words recorded during experiment 1. The stimuli comprised only productions for which all segments in the word were transcribed as correct by a trained phonetician; productions in which a noninitial segment was not transcribed as accurate were excluded so that the listener's perception of the full word would not be biased. Furthermore, correct productions that included distortion due to signal clipping were excluded. Therefore, not all speakers listened to the same number of tokens. The target words were segmented from a larger recording using Praat and were root-mean-square-amplitude normalized. Multi-Talker Babble • The four-talker babble was generated from recordings of four female adults producing sentences from various corpora: one talker produced sentences from the IEEE corpus (IEEE 1969) , one talker produced sentences from the BKB corpus (Bench et al. 1979) , and two talkers produced sentences from the AzBio corpus (Spahr et al. 2012) . The use of four-talker babble helps to avoid effects of masking release from amplitude modulation where the signal may be presented in a randomly low amplitude portion of the babble, which would confound listener performance. Four-talker babble also reduces informational masking, which occurs when a listener can decode individual words from within the babble. Including a larger number of talkers in the babble would have further decreased the likelihood of informational masking; however, four-talker babble offered a better ecological validity with the aims of the present study. While target word productions from the children were root-mean-square-amplitude normalized, the multi-talker babble was not standardized. After pilot testing to identify a challenging signal to noise ratio, 0 dB signal to noise ratio was selected so that listeners correctly identified about 60% of single words produced by children with NH. Random selections of the babble were added off-line to the individual speech samples using MAT-LAB. For each target or filler word produced by the children, the interval of babble was 2 seconds longer than the word production, so that once mixed, the stimuli comprised 1 second of babble, the masked word production, and then 1 second of babble.
Procedure
Participants were tested in a quiet room using a laptop, headphones, a serial response box with voice key, and microphone. The experiment was presented in E-Prime. Listeners completed two phases: a practice and a test phase. Before the practice and test phases, listeners were instructed as follows: they would first hear overlapping speech from several adult talkers; they would hear a single word spoken by a child embedded within the babble; and their job was to repeat this embedded word as quickly as possible once the babble had ceased. After the practice phase, the listeners judged words from the target talker, which were presented in randomized order. To help avoid a learning effect confound, the practice and test phases included different talkers. Listeners were asked to avoid starting a response with a filler, such as "umm, pizza." Listeners' oral responses were scored online by the second author using an informational word semantic match (Hustad 2006) . Responses were scored as correct if the semantic intent of the word was preserved (i.e., morphological modifications were accepted). Figure 5 shows the mean intelligibility scores for both groups and target consonants. These scores were modeled with logistic mixed-effects regression to test the significance of the differences between groups and target consonants. The model included simple fixed effects of group and of target consonant and their binary interaction; random effects of intercept by child were also included. The levels of the consonant and group effects were mapped to indicator variables in two different ways to explore all binary contrasts. An adjusted alpha level of 0.025 was used to account for multiple models. The first model, with CI = 1 and /ʃ/ = 1, indicated that the two groups did not differ in their accuracy on /s/ productions (β = −0.43, SE = 0.27, p > 0.11) and that the children with NH did not differ in their accuracy of /s/ versus /ʃ/ productions (β = 0.07, SE = 0.19, p > 0.70). The second model, with NH = 1 and /s/ = 1, indicated that the two groups did not differ in their accuracy on /ʃ/ productions (β = −0.52, SE = 0.29, p > 0.07) and that the children with CIs were significantly less accurate on /s/ productions than on /ʃ/ productions (β = −1.03, SE = 0.2, p < 0.001). In both models, the group-by-consonant interaction was significant (β = 0.95, SE = 0.29, p < 0.005), indicating that the difference in accuracy between the two consonants was greater for the children with CIs than for their NH peers.
RESULTS
To test whether word-level intelligibility scores were predicted by the acoustic properties of the initial consonant, the productions were pooled across group, but within consonant. One model was, thus, fitted to the /s/-initial words and one to the /ʃ/-initial words. To characterize the acoustics of the initial consonant of each word token, an orthogonal cubic polynomial model was fitted to each of the three psychoacoustic trajectories computed for each word-initial consonant. The coefficients of the fitted models (intercept and linear, quadratic, and cubic time), which summarized the shape of the trajectories, were used as predictor variables of intelligibility. Thus, each production had 12 possible acoustic predictors (4 Coefficients × 3 Models), but the cubic coefficient for the peak frequency trajectory was excluded a priori because neither its simple effect nor any of its interactions with group or consonant were significant in the peak frequency model reported in experiment 1. Each child's age and accuracy rate (from the phonemic transcriptions in experiment 1) were also included as predictors. A simple effect of group was not included as a predictor because the models above did not reveal a significant group difference in the intelligibility of either consonant. However, binary interactions between group and each of the 13 acoustic or child-level predictors were included to test group differences in the relationship between acoustics and intelligibility. No interactions between acoustic or child-level predictors were included. For space considerations, only significant effects are reported. Because intelligibility of each target consonant was modeled separately, an adjusted alpha level of 0.025 was used to account for multiple models.
The model fitted to the /s/-initial words had a Cox & Snell pseudo-R 2 = 0.210. There was a significant simple effect of accuracy rate (β = 0.73, SE = 0.29, p < 0.025), indicating that children who had higher phonemic accuracy were also more intelligible in noise. There was a significant simple effect of the quadratic coefficient of the peak frequency trajectory (β = 0.39, SE = 0.17, p < 0.025) and a significant interaction between it and the group (β = −0.61, SE = 0.27, p < 0.025). Because the mean quadratic coefficient for the peak frequency trajectories of the /s/ productions was negative (−2.60), these effects indicate that the productions of /s/-initial words by children with NH were more intelligible as the curvature of the peak frequency trajectory flattened out, but that the productions by children with CIs were more intelligible as the peak frequency trajectory of the initial /s/ became more curved. The model also included a significant simple effect of the linear coefficient of the variance trajectory (β = −1.53, SE = 0.53, p < 0.005), indicating that intelligibility increased as the linear trend of the variance trajectory decreased. The mean linear coefficient for the variance trajectories of the /s/ productions was positive (2.55); hence, the negative effect of this coefficient indicates that intelligibility increased as the linear trend of the variance trajectory tends toward zero. Finally, the fitted model included significant simple effects of the linear (β = −0.86, SE = 0.29, p < 0.005) and cubic coefficients (β = 0.57, SE = 0.21, p < 0.01) of the excitation drop trajectory and a significant interaction between this trajectory's linear coefficient and group (β = 1.19, SE = 0.44, p < 0.01). For the excitation drop trajectories of the initial /s/ productions, the mean linear coefficient was positive (4.43); hence, the productions by the children with NH were more intelligible because the excitation drop trajectory of their initial /s/ productions were flatter in slope, but the productions by children with CIs were more intelligible when this trajectory increased more across the initial /s/. The mean cubic coefficient of the variance trajectories was negative (−3.15); hence, for both groups, intelligibility was greater in productions where the cubic trend was less present, and the trajectory exhibited less asymmetry across its tails.
For the /ʃ/-initial words, the fitted model's Cox & Snell pseudo-R 2 was 0.190. There was a significant simple effect of accuracy rate (β = 0.57, SE = 0.23, p < 0.025), which together indicated that intelligibility increased with judged accuracy rate. Regarding peak frequency, there were significant simple effects of its trajectory's linear (β = 0.76, SE = 0.25, p < 0.01) and quadratic trends (β = 0.47, SE = 0.21, p < 0.025), as well as a significant interaction between its linear trend and group (β = −0.79, SE = 0.32, p < 0.025). The mean linear coefficient of the peak frequency trajectory was positive (1.69). Hence, the simple effect of this coefficient indicated that the productions by children with NH were more intelligible as the linear trend in the trajectory became even more exaggerated; however, the interaction between this term and group indicated that this was not the case in the productions by children with CIs. The mean quadratic coefficient of the peak frequency trajectory was negative (−3.21), indicating downward concave curvature; hence, the positive effect of this coefficient indicates that intelligibility increased as the trajectory became flatter in curvature. There was a significant simple effect of the mean level of the variance (β = 1.88, SE = 0.40, p < 0.001) trajectory and a significant interaction between it and group (β = −1.34, SE = 0.51, p < 0.01), indicating that intelligibility increased significantly as mean spectral variance increased, but that this increase in intelligibility was significantly smaller for productions by the children with CIs. Recalling from experiment 1 that /ʃ/ spectra exhibit greater variance than /s/ spectra, the effect of variance level may indicate that tokens with greater variance are more intelligible because they are less like /s/. Finally, there was a significant simple effect of the mean level of the excitation drop trajectory (β = 0.95, SE = 0.35, p < 0.01), indicating that productions became more intelligible as the relative height of the spectral peak increased.
DISCUSSION
Our first prediction that there would be group differences in intelligibility of /s/-initial words, but not in intelligibility of /ʃ/-initial words, was not fully confirmed. Across groups, the intelligibility of /s/-initial words was lower for children with CIs than it was for their NH peers; however, this difference was not statistically significant. Conversely, the intelligibility of /ʃ/-initial words was greater for children with CIs than for their NH peers; again this difference was not significant. The absence of group differences could have been due to the fact that only tokens that were judged phonemically accurate in quiet were used as stimuli in the listening experiment. If inaccurate productions had also been used, then group differences may have emerged because children with CIs are often less accurate at a segmental level than their NH peers (see Smit et al. 1990; Chin 2003) ; however, in such a situation, intelligibility in noise would be confounded with phonemic accuracy. Despite the absence of group differences for either initial consonant individually, the intelligibility of sibilant-initial words by children with CIs was more sensitive to the place of articulation of the initial consonant. Transcription analyses have shown that children with CIs are typically more accurate on target /ʃ/ than target /s/ (e.g., Serry & Blamey 1999; Blamey et al. 2001; Reidy et al. 2015) . However, in these previous studies, the accuracy judgments were made in quiet. The current finding suggests that even when tokens that were judged to be phonemically correct in quiet are embedded in noise, this same segmental deficit is reflected in lower intelligibility of /s/-initial versus /ʃ/-initial tokens.
One possible explanation for the intelligibility results is that the articulatory gestures that children with CIs learn for a given sound reflect the effect of a CI processor on the auditory properties of that sound, resulting in poorer speech intelligibility scores for sounds whose spectral information is more degraded by the CI processor. The auditory representation that a child learns for a given speech sound reflects the auditory properties of the tokens of that sound to which the child has been exposed (e.g., Cristià 2011). For listeners with NH, the perceived auditory signal of a sound is very similar to its produced acoustic signal. However, for listeners with a CI, there is greater dissimilarity between the auditory and acoustic properties of a sound due to the CI processor's reduced spectral resolution and limited analysis bandwidth. In productions of sibilant fricatives by talkers with NH, energy is most concentrated between 7 and 10 kHz for /s/ and between 4 and 6 kHz for /ʃ/ (Jongman et al. 2000; Li 2012 ); hence, a CI transmits less of the salient spectral content for /s/ than for /ʃ/. Consequently, the dissimilarity between CItransmitted auditory properties and produced acoustic properties is greater for /s/ than for /ʃ/. During language acquisition, a child uses auditory feedback to learn an articulatory gesture for producing a given speech sound, comparing the auditory signal of their production to their auditory representation learned from exposure to tokens produced by caregivers (Plummer 2014 ). In the case where the CI user is a prelingually deaf child, the dissimilarity between the child's auditory representation and the acoustic properties of ambient productions of a given sound may, thus, propagate to the child's articulatory gesture for the sound because this articulatory gesture is learned through the articulatory-auditory feedback loop. As a result, the fact that the CI processor preserves the acoustic-auditory properties of some sounds better than others (i.e., /ʃ/ better than /s/) may likely explain why children with CIs are more intelligible on /ʃ/-initial words than on /s/-initial words.
Our second prediction was that intelligibility would be partially predicted from the acoustic properties of the initial consonant. This prediction was confirmed. However, it must be emphasized that the pseudo-R 2 of the fitted models were not very large (0.210 for the /s/-initial words and 0.190 for the /ʃ/-initial words), suggesting that intelligibility depends on a number of other factors not considered here. This result suggests a limitation of the present study: that intelligibility depends on a number of other factors not considered here. These factors may include children's speech production skills more generally as well as factors related to the acoustic properties of speech in noise. Regarding the former, future work should investigate whether a child's scores on clinical instruments such as normreferenced articulation tests further predict the child's speech intelligibility. Regarding the latter, future work should consider acoustic measures of consonant contrast that span multiple segments-for example, the relative difference in the spectral envelope of the fricative and vowel across a consonant-vowel boundary (cf. Hedrick 1997; Hedrick & Carney 1997)-or acoustic measures of the total proportion of "spectral glimpses" that were not masked by the babble (cf. Cooke 2006) .
The models wherein intelligibility was regressed against acoustic properties of the initial consonant indicated that the significant predictors primarily reflected dynamic rather than static properties of the acoustics. For the /s/-initial words, all significant acoustic effects indexed either the linear, quadratic, or cubic trend of some psychoacoustic trajectory. Likewise, intelligibility of /ʃ/-initial words was significantly related in some way to five different acoustic measures, three of which characterized either the linear or quadratic trend of a psychoacoustic trajectory. That dynamic measures were preponderant over static measures in predicting intelligibility in noise suggests that future work should characterize the acoustics of children's /s/ and /ʃ/ productions with dynamic measures of multiple acoustic features.
GENERAL CONCLUSIONS
This article presented two experiments related to the properties of sibilant fricatives produced by children with CIs. The first experiment analyzed these productions in terms of one feature-peak frequency-that indexed the place of articulation difference between /s/ and /ʃ/ and two features-spectral variance and excitation drop-that indicated the degree of sibilance of a production. It was found that, in terms of peak frequency, the children with CIs produced less acoustic contrast than their NH peers between /s/ and /ʃ/. This difference in acoustic contrast was likely due to the children with CIs producing these two sibilants with more similar places of articulation. Additional group differences were found in the dynamic aspects of the variance and excitation drop trajectories, especially near the beginnings and ends of the fricatives, suggesting differences between groups in the articulatory gestures executed to produce these sibilants. A direction for future research is to investigate the underlying articulatory correlates of these group differences and to relate the acoustic properties of children with CIs' productions to their perceptual abilities.
The second experiment investigated the intelligibility in noise of sibilant-initial words that were judged to be phonemically correct in quiet. Here, it was found that productions by children with NH were equally intelligible regardless of the initial consonant; however, the /s/-initial word productions by children with CIs were less intelligible than their productions of /ʃ/-initial words. Furthermore, the intelligibility of the word productions was partially predicted by the acoustic properties of the initial consonant, suggesting that the subphonemic differences between groups observed in experiment 1 have consequences for the intelligibility of whole word productions in background noise.
While group differences were found in both the subphonemic acoustic properties and intelligibility of word-initial sibilant productions, these findings should be interpreted in the context of the study's limitations. First, the participants in the present study were all young children aged between 4 and 7 years; however, the acoustic properties of a child's productions of the sibilant fricatives /s/ and /ʃ/ continue to develop toward adult-like acoustics into the adolescent years. Romeo et al (2013) found that, in productions of /s/ and /ʃ/ by children between 9 and 14 years, the cross-category distance and category dispersion developed toward adult-like norms, but there were still significant differences between the adolescents and the adults in terms of these category properties. The present study should, thus, be understood as providing just a snapshot of one point in time during the children's development of adult-like categories. This is especially true for the children with CIs, who had on average just less than 4 years of experience with at least one CI. Tomblin et al. (2008) found that the speech production skills of children with CIs continued to improve up through 8 years after implantation; hence, it is plausible that the performance of the children in the present study will continue to improve toward that of their NH peers in subsequent years.
A second, possible, limitation of the present study concerns the methodology used to elicit productions from the children. The acoustic properties of adults' speech is known to vary according to whether an audio prompt is used to elicit that speech or not (e.g., D 'Imperio & German, 2015 and , report this for schwa and f0). Hence, eliciting speech with an audio prompt, rather than having t.he participants read or spontaneously name the pictures, could have led to the children using a more careful speech register than they typically use. Consequently, for each group, the acoustic differences observed between the consonants may be greater than would be expected in conversational speech. It is not immediately apparent that the group differences in acoustics and intelligibility are dependent upon the elicitation methodology. We leave it as a question for future research to determine whether children with NH and children with CIs are differently sensitive to how their speech is elicited.
Despite these limitations, the current findings are of importance for researchers and clinicians. The findings that group differences were observed on the dynamic aspects of the acoustic measures and that a greater number of acoustic predictors of intelligibility were dynamic rather than static in nature suggest that researchers should consider time-varying spectral representations of sibilants and other consonants when studying children's speech (cf. Nossair & Zahorian 1991; Assmann & Katz 2000) . Likewise, these results invite clinicians to focus therapy on speech gestures rather than static articulatory targets. In addition, the dissociation between accuracy in quiet and intelligibility in noise (experiment 2) underscores the importance both for clinicians to consider the intelligibility of child in real-world settings, rather than just in quiet, and for speechlanguage therapy to continue even after children with CIs are able to produce sounds correctly.
